A number of C57BL/6 (B6) substrains are commonly used by scientists for basic biomedical research. One of several B6 strain-specific background diseases is focal alopecia that may resolve or progress to severe, ulcerative dermatitis. Clinical and progressive histologic changes of skin disease commonly observed in C57BL/6J and preliminary studies in other closely related substrains are presented. Lesions develop due to a primary follicular dystrophy with rupture of severely affected follicles leading to formation of secondary foreign body granulomas (trichogranulomas) in affected B6 substrains of mice. Histologically, these changes resemble the human disease called central centrifugal cicatrical alopecia (CCCA). Four B6 substrains tested have a polymorphism in alcohol dehydrogenase 4 (Adh4) that reduces its activity and potentially affects removal of excess retinol. Using immunohistochemistry, differential expression of epithelial retinol dehydrogenase (DHRS9) was detected, which may partially explain anecdotal reports of frequency differences between B6 substrains. The combination of these 2 defects has the potential to make high dietary vitamin A levels toxic in some B6 substrains while not affecting most other commonly used inbred strains.
the pathogenesis of chronic ulcerative dermatitis in aged C57BL/6Nnia mice; 1 however, no form of alopecia or ulcerative dermatitis has been identified concurrently with the immune complex vasculitis of polyarteritis in B6 mice (J. P. Sundberg, unpublished data). Data from nearly 1,000 cases of chronic ulcerative dermatitis submitted to The Jackson Laboratory Diagnostic Pathology Program between 1988 and 1991 identified a marked female predilection in strains with a black coat color. 40 When the time of the year and frequency of disease were evaluated, there was a seasonal variation of notably higher frequency of disease in the spring and fall. These variations were interpreted at the time to be related to the difficulty in stabilizing mouse room humidity when heating (fall) or air conditioning (spring) were changing. 48 Although technologic improvements have since made animal rooms far more stable and environmental control units are on constantly today, there remains a seasonal variation in skin disease frequency. Institutions in other regions of the United States with small colonies report different seasonal variations. 16 The severity and frequency of disease within a colony was reported to be dependent on nutritional and husbandry factors, such as diet type, weaning times, and humidity. Dietary restrictions were reported to effectively reduce the frequency of skin disease in both wildtype and Trp53-null mice on a B6 background. 28, 51 Despite dietary restrictions, B6 skin diseases are still a serious problem in aging studies (D. E. Harrison, personal communication).
The occurrence of skin problems in B6 mice is of most concern for investigators who use genetically engineered mouse mutations aimed at inducing skin and hair lesions, although it can often be a background complication when other organ systems are targeted. 10, 16 B6 alopecia and dermatitis can also be a problem when obtaining mutant mice from a repository only to find that they develop a skin disease not described as part of the phenotype. The spontaneous occurrence of these skin diseases raises concerns with immunological and other types of studies that use B6 substrains since selected cellular molecular markers may reflect an inflammatory response associated with the B6 skin abnormality rather than the experimental manipulation.
The variability of B6 alopecia and dermatitis may affect data interpretation. The onset of alopecia in B6 substrains commences shortly after weaning and presents with various degrees of dorsal hair loss most commonly, but not exclusively, over the dorsal thoracic region. 45 The alopecia waxes and wanes. Some cases may progress to acute ulceration, which heals by second intention with a bed of granulation tissue, pseudoepitheliomatous hyperplasia, and scarring. Mice have various degrees of pruritus that may lead to extensive progressive ulcerative disease requiring euthanasia for humane reasons 16, 21 and greatly affect data in aging studies. Treatments, such as topical chlohexidene or corticosteroid-antimicrobial combination ointments, have been palliative at best (J. P. Sundberg, unpublished observations), although vitamin E may have some beneficial effects. 18 It is therefore important to define the pathogenesis of this B6 dermatologic problem.
In this study, we describe the general clinical and progressive histologic changes of skin disease commonly observed in C57BL/6J and preliminary studies in closely related substrains. Our findings suggest a primary follicular dystrophy with rupture of severely affected follicles, and subsequent formation of secondary foreign body granulomas occurs in these B6 substrains of mice. Histologically, these changes resemble the human disease currently termed central centrifugal cicatrical alopecia (CCCA). Dietary vitamin A levels in B6 substrains of mice with Adh4 polymorphisms and upregulated DHRS9 may play a role in the pathogenesis of this disease.
Materials and Methods Mice
All studies were approved by The Jackson Laboratory Institutional Animal Care and Use Committee (IACUC) and were performed in compliance with stipulations of that body. C57BL/6J (JR# 664) and C3H/HeJ (JR# 659) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). C57BL/6Tac (Taconic Farms, Germantown, NY), C57BL/6Crl (Charles River Laboratories, Wilmington, MA), and C57BL/ 6NCr (National Cancer Institute, Frederick, MD) mice were imported to The Jackson Laboratory, rederived by caesarian section, and colonies maintained for 3 generations prior to use on the same diet, water, and caging systems. Mice were maintained in conventional barrier facilities at 24 + 2 C and 51 + 7% relative humidity, housed in 333.6-cm 2 maxi-miser Duplex II cages (Thoren Caging Systems, Hazleton, PA) with pine shavings, exposed to a 14-hour light/10-hour dark cycle, allowed free access to sterilized acidified water ( 
Histologic Evaluation of Disease Progression
A cross-sectional study was performed to evaluate successive histological changes in affected C57BL/6J mice over a 10week period. A total of 200 C57BL/6J mice, 10 units of 20 age-matched females, were used. Mice with clinical disease at the beginning of the study were ear notched in their right ear. 3 One unit of 20 mice was submitted each week for gross examination, photography, and tissue harvesting for histological and scanning electron microscopy analysis. Each box contained at least 1 mouse with alopecia or alopecia and ulcers of various sizes at the start of the investigation.
Synchronization of Hair Cycle by Depilation
To determine if histologic changes seen in C57BL/6J mice with focal dorsal alopecia progressing to scarring was secondary to traumatic hair removal, such as barbering, depilation was performed. Anagen was induced by depilation of hair shafts on the backs of 40 female C57BL/6J and 40 gender-matched control C3H/HeJ mice, all 6 weeks of age, with follicles in telogen, as described previously. 27, 33 Mice were anesthetized with 2% tribromoethanol solution (IP, 0.2 ml/10g; Sigma-Aldrich, Milwaukee, WI), 3 and all dorsal skin follicles in telogen were painted with warm wax (Surgi-wax, Ardell International, Los Angeles, CA) that was peeled off after hardening, thus depilating all dorsal skin hair shafts. Skin in telogen was identified by its pink color. Although immediately after depilation, the skin may go through a short phase of discrete wound-healing response, this technique predictably induces the development of very homogeneous anagen follicle populations, which are morphologically and functionally indistinguishable from spontaneous developing anagen follicles. Two 3 Â 2-cm fullthickness skin samples (one from the dorsocervical and one from the dorsolumbarsacral regions) were harvested from C57BL/6J and C3H/HeJ wax-stripped mice at various time points to ensure representative samples of cycling hair from immediately after and every 3 days thereafter up to 35 days after wax stripping. Two mice were used for each time point. Tissues were processed for histologic evaluation as described below. Hair cycle was estimated as the percentage of hair follicles in each stage in a minimum of 3 skin sections 1 cm long on each of 2 slides. Epidermal thickness was measured using an ocular micrometer at 400Â magnification calibrated with a ruled slide. Ten measurements were taken from sections on each slide, 2 slides per mouse. Epidermal thickness was measured from the basement membrane to the top of the stratum corneum. Results were entered into an Excel spreadsheet (Microsoft Corp., Redmond, WA) and data graphed. 46 Tissue Processing, Ectoparasite Examination, Histologic Analysis, and Immunohistochemistry Mice were euthanized by CO 2 asphyxiation. The pelage of each mouse was examined for ectoparasites. Skin was fixed overnight in Feketes acid-alcohol-formalin solution processed routinely and stained with hematoxylin and eosin (H&E), acidic toluidine blue, periodic acid-Schiff (PAS), or Gomori's methenamine silver. Immunohistochemistry was performed routinely to evaluate terminal differentiation proteins in the epidermis (mouse-specific keratins 1, 5, 6, 10, and 14; filaggrin; loricrin; and involucrin). 23 Rabbit antimouse eosinophilic major basic protein polyclonal antibody (gift from The Lee Lab, Mayo Clinic, Scottsdale, AZ) was used for analysis of eosinophils. Evaluation of enzymes and binding proteins involved in retinoic acid synthesis was also done (retinol dehydrogenase, DHRS9; retinal dehydrogenase 1, ALDH1A1; retinal dehydrogenase 2, ALDH1A2; retinal dehydrogenase 3, ALDH1A3; cellular retinol binding protein 1, RBP1, formerly CRBP; and cellular retinoic acid binding protein II, CRABP2) as previously described. 9
Scanning Electron Microscopy of the Hair Shafts and Skin
Scanning electron microscopy (SEM) was used to evaluate the skin surface and quality of hair shafts in areas of alopecia and processed routinely. 2 The same specimens were analyzed for elemental content using an attached X-ray microanalysis system (EDAX, Inc., Mahwah, NJ). 22 
Comparison With Human Diseases
Representative slides of skin from C57BL/6J mice in different stages of disease were provided to 2 human dermatopathologists (LS, LEK). They compared diagnostic features of human skin specimens with scarring and nonscarring forms of human alopecias with different forms of alopecia and dermatitis in C57BL/6J mice and controls. Photomicrographs of the histologic features of scarring and nonscarring human alopecias were provided for a direct comparison of similarities and differences between the 2 species.
Gene Expression and Genotype Studies
Five clinically normal female C57BL/6J mice, a second group of C57BL/6J 5 mice with focal alopecia in the dorsal thoracic region that was 1 cm in diameter, and a third group of 5 C57BL/ 6NCr mice with no alopecia, all age matched, had RNA isolated from skin and brain using RNA extraction and quantitative real-time RT-PCR (TaqMan, Applied Biosystems, Foster City, CA). Briefly, tissues were stored in RNAlater (Ambion, Austin, TX) per the manufacturer's instructions and homogenized in Trizol Reagent (Invitrogen, Carlsbad, CA). Total RNA was isolated by standard Trizol methods, and quality was assessed using a 2100 Bioanalyzer instrument. Total RNA was then treated with RNase-free DNase I (Qiagen, Valencia, CA) according to the manufacturer's protocol. Total RNA (1 mg) was reverse transcribed employing standard random hexamer priming methods and Superscript III enzyme (Invitrogen) according to the manufacturer's protocols. Diluted reaction products were then used in a subsequent PCR reaction containing Taqman Univeral PCR Master Mix (Applied Biosystems). Gene-specific primers and probe sets were obtained from the Applied Biosystems Assay on Demand service and used according to the manufacturer's protocols. Real-Time PCR reactions were performed using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) with recommended thermal cycling protocols and 40 cycles of amplification. Threshold cycle (Ct) values were determined using the supplied Sequence Detection System (SDS v2.2) software package. For data analysis, the endogenous control used in this study was beta-glucuronidase (Gusb), and the fold change of Adh4 and Hoxb8 gene expression was compared to clinically normal mice.
Allelic variants for Adh4 were determined by PCR amplification and sequencing as previously described. 6 
Results

Clinical Disease Presentations in a Production Colony
When raised in conventional barrier facilities, 6-week-old female C57BL/6J mice were selected from cages with at least one mouse with dorsal thoracic alopecia. These mice were maintained in large group cages containing 20 mice and one box analyzed each week to follow skin changes with age. Individual mice were not followed; rather, groups of 20 mice were euthanized and necropsied so the skin could be evaluated histologically. In this selected group of C57BL/6J female mice, the mice developed multiple clinical presentations of alopecia that varied from extremely small punctate ulcers to extensive areas of alopecia, ulceration, and ultimately scarring to various degrees. Alopecia or grossly evident ulcerations were often on the dorsal aspect of the mouse but, in general, were not limited to a single body region. Other regions involved included the muzzle, rostral aspect of the forehead, periauricular areas, margin of the ear pinnae, caudal ear base, and cervical, cervicothoracic, thoracic, thoracolumbar, lumbar, lumbosacral, and sacral skin. The spectrum of dermatological primary and secondary lesions included the following: generalized erythroderma, severe localized erythema, generalized or localized fine white nonadherent scale, localized to extensive alopecia, papules, excoriations, erosions, ulcers, and scars. Excorations, erosions, and ulcers exuded serosanguinous exudate or were covered with adherent yellow crusts. Moderate to severe pruritus involving the ears, neck, and back was often observed when the mice had evidence of ulcerative dermatitis and alopecia. At this time, it is difficult to assess the exact onset of pruritus as it may precede clinically evident disease or be a direct result of the disease. However, pruritus is tightly linked to progressive traumatic hair loss as is the progression of papules, erosions, and, finally, ulcerations.
One common presentation in 8-week-old females commenced as 1-to 5-mm areas of alopecia on the dorsal cervicothoracic region that, over a 14-day period, extended caudally to involve the dorsal thoracolumbar and lumbosacral regions. This was the dominant pattern observed in the crosssectional study (Fig. 1 ). Progression was variable; some mice had complete resolution of their alopecia, whereas others had progressive disease. When 10-to 13-week-old mice were examined, many previous areas of alopecia had evidence of new hair regrowth that appeared clinically normal. Other mice developed scaling and small healing ulcers. Some ulcers coalesced to create areas at least 1 cm or more in diameter. As these large ulcers healed, the surrounding skin contracted, forming extensive areas of scarring.
Microbiology and Ectoparasite Analysis
Positive aerobic bacterial cultures were obtained from alopecic and ulcerated skin. Of these, only 2 (of 54, 0.03%) mice, both of which had ulcers, were positive for coagulase-negative Staphylococcus spp. and Lactobacillus spp. These isolates are considered nonpathogenic in immunocompetent mice. No fungi were isolated or identified in tissue sections. No ectoparasites were identified.
Histology
At the time of necropsy, it was common to find hair embedded in the soft tissue of the alveolus adjacent to teeth, which was confirmed histologically, suggesting some of the alopecia was due to grooming. Histologic examination of full-thickness vertical skin sections from the longitudinal study revealed that clinically unaffected mice had changes reflective of normal regenerative cycling that maintains the dense pelage throughout the lifetime of the animal. Late-stage anagen hair follicles Figure 1 . A series of C57BL/6J mice with progressive alopecia and dermatitis of the dorsal skin. These mice were progressively older, but not all mice with focal alopecia progressed to the severe ulceration that leads to scarring and contracture as seen in the 2 mice on the right.
were of different lengths, reflecting the hair shaft type produced. By contrast, hair follicles found in sections with clinical alopecia were affected only in late anagen and early catagen stages. Hair follicles had normal-appearing bulbs but exhibited suprabulbar desquamation of the inner root sheath with associated degenerative changes of the hair shaft (Fig. 2) . This was commonly manifested by the presence of twisted hair shafts associated with hyperplasia of adjacent root sheaths in or near the infundibulum (Fig. 3a) . Penetration of the shaft through the outer root sheath (Fig. 3b ) resulted in hair shaft fragments free in the dermis and hypodermal fat layer (Fig. 3c,d) . Free shaft fragments were surrounded by a mixed inflammatory cell infiltrate consisting of neutrophils, macrophages, multinucleated giant cells, and occasional lymphocytes forming a foreign body granuloma (trichogranuloma; Fig. 3c,d) . Initial resolution of smaller ulcers was characterized by pseudoepitheliomatous hyperplasia of the adjacent epidermis covering a shallow area of granulation tissue (Fig. 4) . Complete re-epithelialization left small areas of fibroblasts and collagen bundles that paralleled the epidermis and stained lightly with H&E as compared to adjacent normal dermis. The overlying epidermis exhibited mild to moderate acanthosis, hypergranulosis, and orthokeratotic hyperkeratosis. Large ulcerated areas developed into chronic lesions with extensive areas of granulation tissue. These large areas healed by scarring in some mice. Other mice were not able to heal these large areas so they were euthanized.
To quantify these sequential changes in follicular dystrophy, hair shaft penetration, acute and chronic inflammation, and scarring, a series of criteria that could be scored were evaluated in a blind manner (only accession numbers available to the pathologist, JPS). Scores were averaged per group and plotted longitudinally ( Fig. 5 ). Results suggest follicular dystrophy precedes other lesions.
Immunohistochemistry and Special Stains
Changes in keratin expression reflected acanthosis and pseudoepitheliomatous hyperplasia. 42 Mouse-specific keratins 1 and 10, expression markers for normal suprabasilar keratinocytes, were progressively downregulated, whereas keratin 6, normally expressed only in the companion layer, was expressed in the suprabasal keratinocytes in mice with follicular dystrophy and epidermal hyperplasia. Increased thickness of the stratum granulosum layer was detected by increased expression of filaggrin and loricrin expression (data not shown). These data are consistent with progressive epidermal hyperplasia and hypergranulosis observed histologically in these mice. 42 DHRS9 was increased during telogen in C57BL/6Tac ( Fig. 6a ) and C57BL/6J (Fig. 6b) but not in the C57BL/NCr or C57BL/Crl substrains (Fig. 6c,d) . No other significant changes in expression of vitamin A metabolism markers were seen in these telogen hair follicles. Eosinophils (anti-eosinophilic major basic protein positive) and mast cells (metachromatic with toluidine blue) were mildly increased in more severely affected acutely ulcerated and healing ulcers. contrasted with an anagen stage follicle from a mouse with alopecia and dermatitis (e; boxed areas enlarged on right, f, g, h). In the mouse with alopecia, the hair shaft is misshapen, and there is premature loss (desquamation) of the inner root sheath (and to a lesser extent the outer root sheath and hair fiber) in the mid-region and infundibulum.
Scanning Electron Microscopy and Element Analysis of Hair Shafts and Skin
The normal pelage of unaffected C57BL/6J mice is very dense. The long hair shafts were cut with electric clippers, resulting in flat ends. Additional normal mice were examined without the hairs clipped to verify no defects were evident at their distal ends (data not shown). The cuticles were distinct and uniform ( Fig. 7a ). By contrast, C57BL/6J mice with alopecia had sparse hair coats that did not necessitate clipping, and the hairs were relatively uniform in size with deformed tips. The tips were most often bent and tapered to a point, whereas others were split and frayed to various degrees (Fig. 7b ). Some older mice had follicular dystrophy with severe cuticle defects and emerging hair shafts with a sharp point (Fig. 7c,d) .
Structural defects of hair fibers can often be confirmed using X-ray microanalysis for sulfur levels. 22 The hair fibers with normal cuticles had no difference in sulfur concentration from the clinically normal mice or controls used from many other mice of different inbred strains (data not shown). 12 
Depilation Analysis
Concerns have been raised that B6 skin lesions are initiated by excessive grooming, the common assumption being that the mouse pulls/plucks the hair fiber from the follicle. To test the hypothesis that manual removal of hair from the follicles would initiate the dystrophy, hairs were mechanically removed by wax stripping. Both the C3H/HeJ and C57BL/6J female mice underwent normal progression through the various stages of the mouse hair cycle after depilation. There was essentially no difference between the 2 strains in their response to wax stripping (data not shown), suggesting traumatic removal of hair shafts had little to do with B6 alopecia.
Gene Expression Studies
Alcohol dehydrogenase 4 (Adh4) is involved with detoxification of vitamin A, and polymorphisms between the strains are associated with differences in efficiency of this process. 6 This may be important since high levels of vitamin A can cause these types of skin lesions, and commercial rodent diets are fortified with more vitamins than are needed to deal with degradation during shipping and storage. Similarly, null mutations in Hoxb8 (Hoxb8 tm1.1Mrc ) develop severe trichotillomania as their primary phenotype, 13 which resembles the skin lesions that arise spontaneously in B6 mice. To determine expression levels of these genes, quantitative real-time RT-PCR (Taqman) analysis of Adh4 and Hoxb8 was done and revealed no significant expression-level differences in skin for either skin-or brain-derived transcripts for Hoxb8 or Adh4 between 5 clinically normal female C57BL/6J mice, another 5 C57BL/6J mice with focal alopecia in the dorsal thoracic region 1 cm in diameter, and 5 C57BL/6NCR mice with no alopecia. Using the published methods for genotyping Adh4 a from Adh4 b , 6 we confirmed C3H/HeJ mice carried the normal Adh4 a , whereas all 4 C57BL/6 substrains carried the hypomorphic Adh4 b allele.
Comparison With Human Disease
Human CCCA was originally thought to be a grooming disorder (''hot comb alopecia'') primarily but not exclusively affecting dark-skinned, curly haired women of African descent (eg, African Americans). 35, 37 CCCA is now viewed as a primary form of cicatricial alopecia that occasionally can affect men as well as women and persons of other races besides persons of color of African descent. Biopsy specimens from both CCCA patients and C57BL/6J mice with alopecia show premature desquamation of the inner root sheath, marked thinning of the outer root sheath with reactive perifollicular inflammation, eventual entry of the hair shaft into the dermis, and resulting destructive chronic and granulomatous inflammation (Fig. 8 ).
Histologic changes are remarkably similar in both the human patients and C57BL/6J mice with alopecia and ulcerative dermatitis, suggesting this strain-specific disease could be a model for human centrifugal cicatricial alopecia.
Discussion
A group of skin lesions, ranging from mild to severe alopecia and ulceration, is commonly encountered in various substrains of B6 mice. Anecdotal reports suggest there are differences in the frequency and severity of skin disease among these B6 substrains. These differences have been difficult to substantiate due to variations in diet, water, and husbandry conditions between institutions. Independent studies in progress show that alopecia of the head in B6 mice, the commonly accepted form of barbering and a form of trichotillomania in mice, 21 occurs in all 4 of the most common B6 substrains. The frequency is equal when large numbers of mice are maintained under identical husbandry conditions and evaluated concurrently by the same observer (A. Nicholson, unpublished data). Earlier studies found no histologic lesions in barbered skin. 21 Subsequent studies revealed clean-cut hair shafts within the follicular osteum (J. P. Sundberg, unpublished observations). By contrast, focal, dorsal, and thoracic region alopecia showed a marked strain dichotomy: C57BL/6J>C57BL/6Tac>>C57BL/6Crl¼ C57BL/6NCr (A. Nicholson, unpublished data). As C57BL/6J mice age, they may develop, at various frequencies, a mild punctuate ulcerative dermatitis, often overlooked at the gross level, that may heal by scarring or expand to severe ulceration. 40 Finding hair shafts between the gingival mucosa and incisors and, as commonly reported, between the molars, 19 combined with breakage of normal hair shafts, corresponds with grooming commonly seen in these mice. We and others have observed these mice excessively grooming themselves and associated cage mates 11, 21 to both remove hair as well as to dig at the ulcers, leading to centrifugal ulcer expansion. 21 Longitudinal analysis of skin samples did not clearly reveal in what order lesions appeared, but follicular dystrophy did precede more severe lesions in a cyclical manner. Wax stripping was an attempt to experimentally reproduce barbering as an initiating cause of the skin disease problems in these mice. There were essentially no differences between C3H/HeJ that get a form of alopecia areata 41 and C57BL/6J inbred strains of mice, and no follicular dystrophy was found histologically. This is consistent with many published reports using this technique in B6 substrains to initiate anagen in a controlled manner. 33 Initial changes after wax stripping resembled those seen in mice with mutations in the desmoglein 3 gene, 25, 30 indicating hair shafts were physically removed from anagen follicles by disrupting adhesion molecule connections. This is in Figure 7 . Scanning electron microscopy of normal C57BL/6J mouse skin (a) illustrates the sharp edges from shaving with electric clippers and the well-defined cuticular surface scale pattern. Barbered hair from unshaved skin has pointed, bent ends or frayed ends but normal cuticles (b). Cases with histologically confirmed B6 alopecia and dermatitis had both pointed, bent hair fibers with normal cuticles (asterisk) but also large, irregular, deformed hair shafts (arrows) with no evidence of normal cuticle formation (c, d).
sharp contrast to the histologic lesions observed in groomed mouse skin where either no changes are evident in hair follicles 21 or only broken hair shafts within the follicular infundibulum are seen, indicating the shafts were cut or broken (J. P. Sundberg, unpublished observations).
Scanning electron microscopy revealed defects at the tips of hair shafts; however, below the break, shafts had normal architecture. The sulfur content of normal mouse hair is 3 times that of the epidermis, reflecting the high sulfur-containing amino acid content of the hard keratins and keratin-associated proteins that make up the structural proteins of hair and nails. 22 No differences were detected in the hair sulfur levels between C57BL/6J mice with various degrees of alopecia or clinically nonaffected mice. These findings suggest these hairs were mechanically broken; however, in cases in which severe follicular dystrophy was identified histologically, there were severely deformed and missing hair shafts. It is likely, based on the histologic evidence, that most of these defective hairs were lost or destroyed within the hair follicle or there may be a transient defect in hair shaft structure causing it to twist in follicles and/or break at or near the surface.
Genetically engineered mice with Hoxb8 null mutations (Hoxb8 tm1.1Mrc ) develop severe trichotillomania as their primary phenotype, which may be a primary or complicating part of this disease in C57BL/6 mice. 13 As Hoxb8 is expressed primarily in the brain, RNA was tested from this organ. Quantitative PCR revealed slight increases in Hoxb8 in the brain of C57BL/6J mice with alopecia with moderate reduction in C57BL/6NCr mice and no changes in the skin. This is in marked contrast with the null mutant mice, 13 suggesting that this gene has no role in barbering or alopecia and ulcerative dermatitis in B6 substrains.
In this study, C57BL/6J mice were found to have potential defects in vitamin A metabolism. The skin takes up circulating retinol and can either store it in the form of retinyl esters or metabolize it to retinoic acid ( Fig. 9 ). 32 Two enzymes are present in the skin that can oxidize retinol to retinal. These include the medium-chain alcohol dehydrogenase type 4 (ADH4) 14 and the short-chain dehydrogenase/reductase epithelial retinol dehydrogenase (DHRS9; formerly eRoldh in rat and hRODH-E2 in human). 9, 20, 31 The main difference between these 2 enzymes is that ADH4 is cytoplasmic and oxidizes free but not CRBP-bound retinol, 26 whereas DHRS9 is microsomal and can oxidize both free and CRBP-bound retinol. 20, 31 Because it is believed that CRBP-bound retinol is the physiologically active form that is metabolized to active retinoic acid, DHRS9 and other short-chain dehydrogenase/reductases are more likely to be involved in the biosynthesis of transcriptionally active retinoic acid.
The exact role for ADH4 in the skin has not been firmly established. Mice that lack the Adh4 gene (Adh4 tm1Gdu ) have no observed defect when fed a standard diet but have decreased survival on a vitamin A-deficient diet 4 and have decreased retinol oxidation in the kidney 4, 5 but not in the liver 24 when given a toxic retinol dose. ADH4 may act locally in the skin to clear free retinol from the skin when CRBP is saturated. In addition, both ADH1 and ADH4 can oxidize other alcohols to aldehydes and may play a role in general alcohol detoxification as well. There are 2 alleles of Adh4. The Adh4 a allele is found in most strains of laboratory mice (C3H/He, DBA/2, AKR, SWR, 129, SM, and others), whereas the Adh4 b allele is found in C57BL/ 6J and a few other strains. 6 These polymorphisms in the C57BL/6J substrain result in reduced enzymatic function. 6 We confirmed that C3H/HeJ mice carry the Adh4 a allele, whereas the 4 B6 substrains tested (J, NCr, Tac, and Crl) all carry the Adh4 b allele. This would suggest that all 4 C57BL/ 6 substrains were equally susceptible to problems with metabolizing excess vitamin A and that the C57BL/6J substrain may have one or more additional genetic changes that make them more susceptible to dermatitis than the other C57BL/6 substrains. Upregulation of DHRS9 in C57BL/6J and C57BL/6Tac but not C57BL/6NCr or C57BL/6Crl mice provides a potential explanation for why the first 2 strains have a much higher frequency of dorsal skin alopecia. We also observed an increase in DHRS9 in human patients with CCCA and 2 other mouse models for cicatricial alopecias (H. Everts et al, manuscript in preparation). As expected, no significant alterations were seen in the expression of other components of vitamin A metabolism in these telogen samples since these proteins are present more during anagen than telogen. 8, 9 Telogen may not be the best hair cycle stage to compare these B6 substrains, and future studies will examine expression levels during anagen. This study provides preliminary data that an altered genotype of Adh4, combined with elevated DHRS9 and a diet high in vitamin A, may play a role in B6 dermatitis. Future studies are needed to prove this using defined diets, analyzing retinoic acid synthesis components in hair follicles during anagen, and measuring the expression of retinoic acid target genes.
Although many believe that humans are distinctly different from mice, both species are mammals and share numerous genetic similarities. 47 Often single gene mutations in mice are similar or identical to mutations present in human diseases, especially when the affected gene is present in both species. Identifying genes associated with novel mouse disease phenotypes can lead to elucidating and defining the pathogenesis and molecular mechanisms of homologous defects in humans. 17, 29 To this end, a common form of cicatricial alopecia of female African Americans, formerly called hot comb syndrome or follicular degeneration syndrome and currently referred to as central centrifugal cicatrical alopecia, exists. 39 The human disease, CCCA, is characterized by progressive development of a chronic, expanding cicatricial alopecia. This alopecia was originally thought to be an effect of styling but is now recognized as a primary hair follicle disorder. Similarly, progressive alopecia in B6 substrains of mice was and still is considered by many to be a grooming problem. 11, 21 Although this hypothesis is considered by some to be a factor in alopecia and ulcerative dermatitis in B6 substrains of mice, the degenerative changes of the inner root sheath are comparable to CCCA.
The primary follicular dystrophy in B6 substrains of mice appears to differ somewhat from CCCA in humans in the current observations. Normal hair regrowth and resolution occur in some mice in areas that were previously recognized as diseased. By contrast, CCCA, as currently defined and diagnosed, Figure 9 . Free retinol in the blood is metabolized by keratinocytes where it is degraded, stored, or enters the nucleus and activates its transcription factor. All C57BL/6 substrains tested have a hypofunctional alcohol dehydrogenase 4 b allele (ADH4 b ), which pushes retinol to transcriptionally active retinoic acid (RA) or it is stored. Upregulation of DHRS9 in C57BL/6 substrains prone to alopecia and dermatitis appears to favor transcriptional activation.
is a progressively scarring (cicatricial) and permanently alopecic process. It is possible that not all involved follicles will progress to follicular rupture and scarring as observed in some B6 mice. Mice, unlike humans, have 4 hair follicle types on their body, which may explain these differences. 43 However, foci of alopecia, even in the same mouse, may spread centrifugally with expanding cicatricial foci, very similar to that observed in CCCA. 7, [36] [37] [38] Hair regrowth was not clinically apparent in the residual scars in the mice as expected due to complete hair follicle destruction. The majority of the microscopically identified dystrophic hair follicles were adjacent to the fibrotic areas of the specimens in an area with normal hair regrowth. Since vitamin A metabolism shows similar changes in CCCA in humans as that observed in alopecia and ulcerative dermatitis in B6 substrains, these mice may become a valuable model for human CCCA. Identifying the underlying genetic changes in both affected mice and human patients is necessary to confirm that these B6 substrains are an important preclinical model for CCCA.
